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Abstract
We describe a novel way to measure the mass of heavy, long-lived neutral particles that decay
to photons using collider experiments. We focus on a Light Neutralino and Gravitino model in
a Gauge Mediated Supersymmetry Breaking scenario where the neutralino has a long-lifetime
(O(ns)) as it is not excluded by current experiments. To illustrate our method and give sensitivity
estimates we use recent CDF results and a production mechanism where sparticles are produced via
φi → χ˜
1
0χ˜
1
0 → (γG˜)(γG˜) in which φi indicates a neutral scalar boson, χ˜
1
0 is the lightest neutralino
and G˜ is the gravitino, as a full set of background shapes and rates are available. Events can
be observed in the exclusive photon plus Missing ET final state where one photon arrives at the
detector with a delayed time of arrival. Surprisingly, a simple measurement of the slope of the
delayed-time distribution with the full CDF dataset is largely insensitive to all but the χ˜10 mass
and allows for the possibility of determining its mass to approximately 25% of itself.
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I. INTRODUCTION
While the standard model of particle physics [1] has been enormously successful, there
are many reasons to believe it is not a final theory of nature. For example, the hierarchy
problem [2] and the possibility of astronomical observations that can be interpreted in cos-
mological models as being evidence for a 4th relativistic species [3, 4] are suggestive of new
physics. Many models have been proposed to solve these problems, and others, by embed-
ding of the Higgs potential into a Minimal Supersymmetric Standard Model (MSSM) [5].
A full set of searches is underway to discover the new particles predicted by these models
around the world so far without success [6] indicating the need to follow up on less common
scenarios. An important such possibility is that resonant production of neutral scalars can
produce pairs of heavy, long-lived neutral particles that decay into a photon and a new
weakly-interacting particle [7]. In this paper we describe a novel technique for measuring
the mass of the heavy long-lived neutral particle if it is discovered in a collider experiment.
For concreteness, we will focus on a simple model that is both not ruled out by experiment,
has some appealing theoretical aspects, and allows full sensitivity study as we have a full
set of recent search results from CDF data at the Tevatron. Note that our results ought to
be scalable to other collider experiments, like the LHC, or for other final state topologies,
such as associated production of heavy, long-lived neutral particles that decay to photons.
To keep our discussion quantitative, estimates from other experiments are outside the scope
of this paper, but can be done when background rates and signal shapes become available.
II. BASELINE MODEL
For pedagogical reasons we begin by outlining a baseline model that illustrates the final
state we are considering in a collider experiment, and after that is done we describe a
novel way to measure the mass of the massive, neutral long-lived particle if such a particle
were to be discovered. We note at the outset while that many of the individual techniques
here are not new, we found that despite how complicated the possibilities were, using only
simple measurements of the data, a fairly robust mass measurement is possible, and this
measurement is insensitive to many of the other parameters of the model. In the interests
of concreteness, we have focused on making quantitative estimates of the sensitivity using
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only experimental results for reliable information.
With this in mind, we focus on a Gauge Mediated Supersymmetry Breaking (GMSB)
scenario [8–13] as it is one of many scenarios that has the theoretical advantages of being able
to solve the above problems (as well as others discussed in the literature), as well as because it
is easy to work with and makes concrete predictions for judicious choices of the parameters.
In this model, the lightest neutralino, χ˜10, is often the Next-to-Lightest Supersymmetric
Particle (NLSP), and the Gravitino, G˜, is the Lightest Supersymmetric Particle (LSP), with
a mass less than a KeV/c2 [14–23]; the light G˜ can serve as an additional relativistic species
of particles in the early universe. The production and decay of χ˜10 → γ + G˜ can lead to
interesting γ+ /ET final states if sparticles are produced at colliders [24–36] and the χ˜
1
0 mass
is lower than the Z0 mass (mχ˜1
0
< mZ0).
While there is no evidence for GMSB production and decay in experiments [37–40], there
are some interesting scenarios that have not been ruled out. The current experimental
searches for GMSB at collider experiments consider both short lifetimes (τχ˜1
0
< 1ns) and
longer lifetimes (2 ns < τχ˜1
0
<50 ns), but these searches usually assume a minimal GMSB
model and use the SPS-8 relations [41] because they yield large cross section values for direct
production of gaugino pairs and/or production of squarks and gluinos. When the SPS-8 re-
lations are released, and more general GMSB model scenarios are considered, an important
variation is that the χ˜10 and the G˜ can be the only kinematically accessible supersymmetric
particles at colliders [42]. In this case, known as the Light Neutralino and Gravitino (LNG)
scenario, current sparticle mass bounds are evaded. A study of the phenomenology of this
scenario at colliders [7] indicates that if the mχ˜1
0
is less than half the masses of any new
neutral scalar bosons that exist in nature, φi, and if the couplings are favorable, sparticle
production can be dominated by resonant production of φi → χ˜
1
0χ˜
1
0. This could readily
produce anomalous production of events in the γ+ /ET final state. Note that in Ref. [7] asso-
ciated vector boson production diagrams are not considered as they have smaller production
cross sections (and background estimates have not been done).
The number of neutral scalar bosons in nature is not well constrained by experi-
ments. There is clear evidence for at least one “Higgs Like” boson with a mass around
125 GeV/c2 [43–45] with some of the properties of the SM Higgs boson [46], but most ver-
sions of Supersymmetry (SUSY) require at least a two-Higgs doublet [47]. While searches for
other MSSM Higgs bosons have found no evidence so far [48], the discrepancy of the scalar
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boson mass measured in ZZ(∗) → 4l channel and in γγ channel at ATLAS [45] could be a
sign of the existence of multiple Higgs bosons with masses around 125 GeV/c2 (although
it is not clear if this hint should be taken seriously). Either way, it is not unreasonable to
consider the case of the production of χ˜10 pairs from a neutral scalar boson, and contemplate
large values of cross section times branching fraction when considering one or more species
of neutral scalar bosons that contribute to the production diagrams. This could occur if the
couplings are favorable or if multiple scalers exist in nature. For our baseline model we will
simplify and refer to single scalar production with φ→ χ˜10χ˜
1
0.
While the lifetime of a heavy long-lived particle is typically unconstrained, as is the case
of a χ˜10 in GMSB scenarios, we focus on the long-lived χ˜
1
0 scenario for a number of reasons.
If there were φ → χ˜10χ˜
1
0 → (γG˜)(γG˜) production, this final state should yield production
of two photons and /ET in the final state, although the number of photons identified in a
detector is dependent on the lifetime of the neutralino [49]. Previous studies of this type of
production and decay [49] indicate that the most likely way to be sensitive to this type of
final state is the exclusive final state because of the fake /ET backgrounds that can arise.
There are no direct searches published in the LNG scenario. LEP wouldn’t have large
direct production capabilities, and small number of final state particles and low ET kine-
matics, coupled with the large number of interactions per crossing at the LHC may make it
less sensitive to these models, which might explain why there are no results out in this final
state yet. But CDF has started considering them. Specifically, a CDF result in exclusive
γγ + /ET , which is expected to be sensitive to τχ˜1
0
< 2 ns, didn’t show an excess [50]. There
are currently no limits in the case of a long-lived neutralino, but there is a recently released
result from CDF in the exclusive γ+ /ET final state using photons that arrive late compared
to expectations, so-called delayed photons [51]. We note that most of the data in the signal
region appears to be above the backgrounds in a suggestive way, albeit not in one that is
statistically significant. With a clear indication that such production can be searched for,
and a clear way to estimate background rates, we focus the rest of our study on this scenario
as we can estimate signal and backgrounds for a full sensitivity study. We move to specify
the parameter space we will consider within our baseline model so that we can determine
what, in principle, could be measured in the case of an observed excess of events. As we will
see, a novel method for determining the mass of the χ˜10 will be possible.
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III. PARAMETER SPACE WITH THE BASELINE MODEL
To illustrate the sensitivity of measuring the mass of a heavy, long-lived neutral particle,
we consider the region of parameter space in the baseline model that is both not excluded by
current experiments and would allow for a measurement. As there already exist sensitivity
estimates for discovery of χ˜10 pair production from a SM Higgs boson in the exclusive γ+ /ET
final state at the Tevatron [7], we follow that model. However, since that report pre-dates
the discovery of a Higgs-like boson, we begin by extending our baseline model to include
the possibility of neutralino pairs being produced from any number of neutral scalars with
similar masses. While the production cross section for each boson and its branching fraction
to χ˜10 pairs is critically dependent on the masses and couplings of each, as will be seen, our
method is not terribly sensitive to this assumption, although it will affect the statistical
uncertainties of any measurement.
There are multiple parameters in the LNG scenario of GMSB, each of which affect the
masses of the neutral scalar bosons, their couplings to SM and SUSY particles as well as
the mass and the lifetime of χ˜10. These in turn affect the cross sections, the branching
fractions to χ˜10 pairs, as well as the kinematics and other observables of the final state. For
phenomenological purposes, we can consider the production and decay of any set of series
of neutral scalar bosons as a single scalar production, with a fixed mass if the masses are
similar. Thus, from here on we will simply discuss our model as if it were single production
and decay of a SM Higgs boson, denoted as ϕ.
With these simplifying assumptions, the number of effective observable free parameters
in the baseline scenario is narrowed down to four: the effective production cross section of
neutralino pairs (σχ˜1
0
χ˜1
0
), the effective scalar mass (mϕ), the neutralino mass (mχ˜1
0
), and the
neutralino lifetime (τχ˜1
0
). The rate of σχ˜1
0
χ˜1
0
only has impact on the rate of production while
other three parameters mostly affect the acceptance and the observables in the final state.
To make concrete sensitivity estimates, we choose an effective cross section to use. We
note that the lightest Higgs boson, if it has SM-like couplings, has a predicted production
cross section of about a picobarn at the Tevatron [52] if we assume a mass of 125 GeV/c2.
On the flip side, interpreting the observed boson as the Higgs boson yields limits on its
branching ratio to invisible particles to be 0.37 at 95% C.L. [53] which can be used to
constrain the production cross section of χ˜10 pairs. If we assume that other neutral scalars
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exist, and each scalar has a non-dominant branching fraction decaying to χ˜10 pairs, then it
is reasonable to estimate the prospects if Σσ(pp¯ → φi → χ˜
1
0χ˜
1
0) ∼0.5 pb where we have
summed over all production and decay fractions. Any result here can then be easily scaled
by changing this assumption.
We next narrow the focus to the region of parameter space that is not excluded and
could produce an observable result and measurement in the data. Since recent results show
evidence of a 125 GeV/c2 Higgs-like particle, we focus on the region 120 GeV/c2 ≤ mϕ ≤
130 GeV/c2. We focus on neutralinos with less than half of this mass (mχ˜1
0
≤ 60 GeV/c2)
to keep the production cross section of χ˜10 pairs high. The combination of the null result in
the exclusive γγ+ /ET and the hint in γDelayed+ /ET both push us to focus on τχ˜1
0
≥ 2ns. For
reasons described in Ref. [49], we will not have sensitivity for light χ˜10 (mχ˜10 < 30 GeV/c
2) or
neutralino lifetimes above approximately 30 ns. This occurs because if the mχ˜1
0
is too small,
or if τχ˜1
0
goes too large, the χ˜10 is more likely to leave the detector before it decays (invisible
final state), or if it has a large boost which pushes the photon arrival time to become
indistinguishable from being promptly produced.
Significant numbers of delayed photons can be observed if the neutralino lifetime is in
the range of 2 ns < τχ˜1
0
<30 ns, as is favored in some models when the SUSY breaking scale
is low [24]. In this case usually one neutralino will leave the detector, but the other can
travel a significant distance before decaying, allowing the photon to arrive at the detector
with a significant delay time relative to expectations. These photons are known as γDelayed.
The final state would then be a single γDelayed + /ET , and fake backgrounds from Wγ →
ℓνγ → γ + ℓlost + /ET and γ + jet → γ + /ET fake make it beneficial to search in the final
state of exclusive single γDelayed + /ET [54]. These delayed photons can be separated from
SM and non-collision backgrounds using known techniques with the EMTiming system at
CDF [39, 49, 55]. Specifically, a measure of the amount the photon is delayed is given by
tcorr ≡ tf − ti −
|~xf−~xi|
c
, where tf and ~xf are the time of arrival and position the photon hits
the calorimeter respectively, and t0 and ~x0 are the collision time and position respectively.
Before continuing, we comment quickly more on the tcorr distribution of the recent CDF
result in the exclusive γDelayed+ /ET result with 6.3 fb
−1 data [51]. They report 322 observed
events in the timing window 2 ns ≤ tcorr ≤ 7 ns (signal region) on a background of 286± 24
for a significance of 1.2σ. While the quoted result is not statistically significant, and one
should not take it too seriously, we do note that the shape of the tcorr distribution (after
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background subtraction) looks very much like the shape we expect from the LNG scenario
of GMSB, a falling exponential on top of the SM and cosmic ray backgrounds.
With a specific region in our baseline well specified, we come to the question of what we
can measure if pp¯→ φi → χ˜
1
0χ˜
1
0 → γDelayed+ /ET were discovered. In particular, we estimate
both the expected number of events for various model parameter choices as well as lay out
our method of analyzing the data that has the potential to yield more information about
the masses and lifetimes of the neutral scalars and/or SUSY particles involved. As we will
see, there is a good possibility of measuring the neutralino mass using a simple technique
that could be used in other experiments.
IV. ANALYSIS
To estimate the sensitivity and ability to measure observables in the data, we use
PYTHIA 6.4 [56] to simulate the various neutral scalar boson production using production
of single scalar boson ϕ with all combinations of the parameters listed above, and use a
modified version of PGS4 [57] to simulate the CDF detector. Since any measurement is
crucially dependent on the timing distribution, we implemented timing response as a mod-
ification to PGS4, using the prescriptions of Ref. [7, 39, 49, 51, 55], which are known to
be very Gaussian distribution responsive, even at large times. We use the same selection
requirements as in the reported CDF result when simulating the detector [51] as it allows
for acceptance and background calculations.
Assuming mϕ = 125 GeV/c
2, the contour of the acceptance in the signal region vs. mχ˜1
0
and τχ˜1
0
is shown in Fig. 1. The acceptance peaks at mχ˜1
0
= 45 GeV/c2 and τχ˜1
0
= 10 ns,
which we will take as our benchmark point; the signal acceptance after each analysis selection
requirement is shown in Table I. The peak signal acceptance is 0.21% and quickly falls as a
function of mχ˜1
0
as we get away from the peak which is slightly below mϕ > 2 ·mχ˜1
0
because of
the balance of the kinematics making the events pass the thresholds and the boost changing
the photon delay. Similarly, as the lifetime rises, more and more of the neutralinos leave the
detector so we lose sensitivity above τχ˜1
0
> 30 ns. As the lifetime goes below a few ns, fewer
and fewer of the events have a long enough lifetime to produce a delayed photon that shows
up in the signal region.
If we calculate the number of events we expect from our model, assuming 10 fb−1 data,
6
)2(GeV/c
0
1χ∼m
30 35 40 45 50 55 60
(ns
)
01 χ∼τ
5
10
15
20
25
30
Si
gn
a
l A
cc
e
pt
a
n
ce
(%
)
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
2
=125GeV/cϕm
FIG. 1. The signal acceptance for ϕ→ χ˜10χ˜
1
0 → γDelayed+ /ET , with mϕ = 125 GeV/c
2. The signal
acceptance peaks at mχ˜1
0
= 45 GeV/c2 and τχ˜1
0
= 10 ns, with the peak acceptance equal to 0.21%.
Selection Requirement Signal Acceptance
|ηγ | < 1.1 15.7%
EγT > 45 GeV 2.58%
/ET > 45 GeV 1.53%
Jet and Track Veto 1.15%
2 ns < tcorr < 7 ns 0.21%
TABLE I. The percentage of events passing each acceptance requirement (signal acceptance) for
our benchmark parameter point of mϕ = 125 GeV/c
2, mχ˜1
0
= 45 GeV/c2 and τχ˜1
0
= 10 ns. We
take into account a 75% efficiency for the jet and track veto from [7] since it is not well modeled
in PGS.
and taking our assumption of σχ˜1
0
χ˜1
0
∼0.5 pb, we end up with ∼10 events in the signal region
at the peak acceptance.
The full timing distribution of the signal can be quite complicated by the geometry of
the detector. However, we have found that within the signal region chosen, to an excellent
degree of approximation, the shape of the signal is well described by an exponential function
in the signal region, as shown in Fig. 2. Remarkably, this is true for the entire parameter
space we consider in this timing window. This allows for a more sophisticated analysis other
than just the counting experiment which is dominated by the number of events with tcorr
just above 2 ns. We can readily fit the signal region to the functional form e−tcorr/Slope.
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Though the CDF result doesn’t report a slope, we can see what the theory predicts. For
our benchmark point we find a slope of ∼0.9 ns. With our expectation of approximately 10
events in the signal region, the fit would give us an approximate statistical uncertainty on
the slope of ∼30%.
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FIG. 2. The tcorr distribution for our benchmark point, with mϕ = 125 GeV/c
2, mχ˜1
0
= 45 GeV/c2
and τχ˜1
0
= 10 ns. We assume σχ˜1
0
χ˜1
0
= 0.5 pb and normalize the histogram so that there are 10
events in the signal region. Note that within the signal region the signal is well described by an
exponential distribution.
Luckily, simulations show that within the signal timing window, the exponential shape is
maintained and the slope is a smooth function of mϕ, mχ˜1
0
, and τχ˜1
0
allowing for the exciting
possibility of a clean measurement of these parameters. To get a sense of what parameters
can be determined from a measurement we consider how the slope changes as a function of
our three parameters as it does not depend on σχ˜1
0
χ˜1
0
. For concreteness we assume a measured
slope of 1.0 ± 0.5 ns to both simplify the analysis as well as overestimate the uncertainty
as a way of including systematic errors and see how well we can measure back the assumed
input parameters that yield this combination, within uncertainties. Assuming τχ˜1
0
= 10 ns,
the possible combinations of mϕ and mχ˜1
0
is shown as the yellow band in Fig. 3. We quickly
note that there is only a small variation as a function of mϕ, which gives no sensitivity to
measure the neutral scalar mass. We also note that if multiple scalars were to exist and
contribute similarly to the signal region, we would further have no sensitivity to measure
their masses or distinguish between the single or multiple scalar scenarios. The upside to
this result is that since there is only modest variation as a function of the effective scalar
mass, it validates our simplification of simulating with a single scalar, and gives us better
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sensitivity to the other two parameters.
Assuming mϕ = 125 GeV/c
2, Fig. 4 shows the magnitude of the slope as a function of
mχ˜1
0
and τχ˜1
0
. Note that the slope shows very little variation for lifetimes above about 5 ns.
If we again assume that we had measured a slope of 1.0 ± 0.5 ns, taking into account an
assumption of large systematic uncertainties, we narrow down the mχ˜1
0
and τχ˜1
0
combination
to the yellow band shown in Fig. 5(a). A 5 GeV/c2 uncertainty of the effective scalar mass
is shown by the grey band in Fig. 5(b).
Since there is no evidence for short neutralino lifetime in the γγ + /ET search [50], if
we further assume τχ˜1
0
≥ 5ns, we observe a simple dependence between the slope and the
neutralino mass, as shown in Fig. 6. If we had measured a slope of 1.0 ± 0.5 ns, from here
we could determine the neutralino mass to be mχ˜1
0
= 45+8−10 GeV/c
2. Of all the possibilities,
we have found that our simple model of ϕ → χ˜10χ˜
1
0 → (γG˜)(γG˜) → γDelayed + /ET has a
reconstructed timing distribution that is simple enough to be measured in an experiment,
and that despite the potential for complications between multiple parameters it allows for
straightforward measurement of the neutralino mass. Said differently, our measurement of
the slope of the timing distribution allows for a novel method to measure mχ˜1
0
despite how
complicated it could have been.
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FIG. 3. Assuming τχ˜1
0
= 10 ns, the red line shows possible combinations of mϕ and mχ˜1
0
that
produce a slope of 1.0 ns, while the yellow band shows combinations that produce a slope of
1.0± 0.5 ns.
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FIG. 5. Assuming mϕ = 125 GeV/c
2, the red line shows possible combinations of mχ˜1
0
and τχ˜1
0
that produce a slope of 1.0 ns, while the yellow band shows the combinations that produce a slope
of 1.0 ± 0.5 ns. The grey band in (b) shows the variation due to the uncertainty of the effective
scalar mass.
V. CONCLUSION
We have described a method to measure the mass of a heavy, neutral particle with
O(10 ns) lifetime, which decays to photons in a collider experiment, using the time of arrival
distribution of a sample of delayed photons, and estimated the potential sensitivity for any
measurement. In principle this method can be applied to any model with a signature of a
delayed photon in its final state. In this study we focused on a LNG-GMSB SUSY scenario
where sparticle production proceeds through neutral scalar bosons at CDF as we have a full
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0
.
set of tools that allow for a reliable prospects study. Following the selection requirements of
the CDF preliminary results, we find a peak signal acceptance of 0.21% atmϕ = 125 GeV/c
2,
mχ˜1
0
= 45 GeV/c2, and τχ˜1
0
= 10 ns. With a 0.5 pb production cross section, this would give
roughly 10 events and would yield a measurement of the slope of the tcorr distribution in the
signal region. In this case, we would have sensitivity to measure the mass of neutralino with
modest assumptions. Even a 50% measurement of the slope could give a measurement of the
neutralino mass with an uncertainty of 25%, depending on the true parameters involved.
We encourage the CDF collaboration to update their search in the exclusive γDelayed+ /ET
final state using the full dataset and to report a measurement for the slope of the timing dis-
tribution in the case that the excess holds up. In addition, we encourage other experiments
to confirm or refute these preliminary observations and present their background and signal
estimation methods in a manner that allows for sensitivity studies. Our preliminary studies
of the phenomenology for LHC experiments indicate that while the production cross sec-
tions would clearly be higher, beam-spot size effects would make wrong-vertex backgrounds
smaller, and the timing from the detectors could produce better sensitivity, the pileup effects
and the larger boosts of the χ˜10 could cancel out many of these advantages. However, since
the possibilities are always exciting, we encourage them to provide background estimates
and tools to estimate the sensitivity as soon as possible so we can perform further sensitivity
studies to see if our promising results can be used there as well.
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